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2of the standard model (SM) G
SM
. Then the scale of
the VEV of A(45) can be estimated as hAi  
 a
be-
cause the gauge singlet operator trA
2
must have the VEV

 2a
. The scale of the VEV of the complex Higgs C
and






















Note that the VEVs of GUT non-singlet elds can dier





Next, we examine how to determine mass spectrum of
superheavy elds. The mass term of the vector-like elds
X and






where x + x  0. It is obvious that if x + x < 0 the
mass term is forbidden by the symmetry in the vacuum
structure (1) (SUSY-zero mechanism). Note that by de-






also give the mass of X and

X ,
which are of the same order as given in Eq. (2). This
is one of the most important features of theories with
anomalous U (1)
A
symmetry. (If all the gauge singlet op-
erators with non-vanishing VEVs have negative charges,
then only a nite number of higher dimensional opera-
tors is allowed by the symmetry, and we can control these
interactions.) However, gauge non-singlet elds (C) have
generically dierent VEVs from the naively expected val-
ues (
 c
). Then the masses given by developing the
VEVs of gauge non-singlet elds are generically not the
naively expected values as in Eq. (2). For example,
by introducing elds 	(16) and T (10) from the inter-
action 
 +t+c













; which is gener-
ically not equal to the naively expected value 
 +t
. In
such cases, the charges appearing in the mass matrices of
superheavy elds must be replaced by eective charges.
Generically, there are some ambiguities in dening the
eective charges, but one way to x the ambiguities is
to reproduce the naively expected relations between the














Here the eective charges ~c and
~












This dierence can be understood as the eect of an ad-
ditional U (1)
V
in the decomposition SO(10)! SU (5)
U (1)
V






j that break U (1)
V
be-
come the source for the new hierarchical structure [16].






(Here we normalize the U (1)
V
charge of hCi as 1.) We
can include the eect of the new hierarchical source by
dening the eective charges
~












It is obvious that this denition of eective charges does
not change the VEV relation in Eq. (1), because GUT
gauge singlet operators O
i
have vanishing U (1)
V
charges.
Note that the eective charges respect SU (5) GUT sym-
metry, since U (1)
V
respects SU (5) GUT symmetry. The
extension of eective charges to a more general situation
is straightforward. If there are several Higgs elds that
break the U (1)
V
, the unit of the new hierarchy can be
dened by the Higgs elds with the largest VEVs. In the
case that there are several U (1)
k
with the GUT gauge









can be dened for each U (1)
k
from the Higgs
elds with the largest VEVs that break U (1)
k
. Also by






























unless the mass terms are forbidden by some mechanism
such as the SUSY zero mechanism. Therefore, the de-
terminants of the mass matrices M
I
of superheavy elds







; where I is the index for
SM irreducible representations.
GAUGE COUPLING UNIFICATION
At rst glance, since the eective charges respect
SU (5) GUT symmetry, the superheavy elds do not
seem to change the gauge coupling unication. How-
ever, generically some massless modes that do not respect
SU (5) GUT symmetry appear in the mass spectrum, e:g:,
the Nambu-Goldstone (NG) elds and MSSM doublet
Higgs. Therefore, the superheavy elds do change the
gauge coupling unication. If the massless modes had
the masses expected by their eective charges (eective
masses), the unication conditions would not be changed.
In other words, only the eective charges of the massless
elds appear in the conditions for gauge coupling uni-
cation [9].
In the following arguments, the contribution from NG
modes that are absorbed by the Higgs mechanism turns
out to be cancelled by other contributions if certain con-
ditions hold. After all, the conditions for gauge coupling
unication are written by the eective charge of MSSM
doublet Higgs and are independent of the other details
of the Higgs sector.
Now, we carry out an analysis based on the renormal-
ization group equations (RGEs) up to one loop. Here we
3consider the generic situation, that is, the GUT symme-















































































where a = 1; 2; 3, M
SB







) = (33=5; 1; 3) are the renormalization group
coeÆcients of MSSM, b
ai
are the corrections to the co-
eÆcients from the massive elds with mass m
i
, and the
last term is the correction from the enhanced gauge sym-
















denotes the NG modes that are absorbed by


















are broken modes at the scale 
n











Then, using the fact that in MSSM three gauge cou-



































) = 0; (11)
where I runs SM irreducible representations and the
cuto scale  is normalized as 1. Since sums of b
aI
over the SU (5) multiplet become independent of a, the
second term is written by the ratio of determinants of
mass matrices contained in the same multiplet of SU (5)
GUT symmetry, and therefore by the contributions from
massless modes, as mentioned above. In terms of the






















These massless modes consist of two parts, physical mass-
less modes, such as MSSM doublet Higgs, and unphysical
NG modes. From (10), we can see that the contribution
of the latter is cancelled by that of the last term in Eq.









This condition is satised in the scenario in the vacuum




is the coeÆcient of the bi-























When (13) holds, only the physical massless modes
contribute to the conditions for gauge coupling unica-
tion, and they are independent of the details of the Higgs
sector, such as the eld content and the symmetry break-
ing pattern. Especially, if all the elds other than those




















In terms of the eective charge, straightforward calcula-












The rst condition simply denes the scale of the theory;
the cuto scale  must be taken as the usual GUT scale

G
. The same situation happens in the minimal SU (5)
GUT. That is, the scale of the minimal SU (5) GUT, at
which SU (5) is broken, must be taken as the usual GUT
scale, 
G
. Both requirements are from the condition for
gauge coupling unication. The second condition corre-
sponds to that for the colored Higgs mass in the minimal













. Therefore, we have no other
tuning parameters for gauge coupling unication than in









by using the initial values of gauge couplings at a low en-
ergy scale, which are calculated in the GUT with any cut-
o (for example, the Planck scale), three running gauge
couplings calculated in MSSM would meet at the cuto
scale. Therefore, we can naturally explain gauge coupling
unication in the minimal SU (5) GUT.

















= 0, because there is an ambiguity in-
volving O(1) coeÆcients and we have used only one-loop
RGEs. Here, we emphasize that the ambiguity gener-
ally aects coupling unication. In order to change the
unication condition, the GUT symmetry breaking ef-
fect, e:g:, the VEV of adjoint Higgs hAi, must play an
active part. So, in addition to the mass term 
2x
XX,





needed. Usually, such corrections will be so small that
they do not change the unication condition. How-









, because hAi  
 a
. In
4other words, almost all O(1) coeÆcients do not respect
GUT symmetry. Therefore, such coeÆcients will slightly









[9]. This observation is important, be-









quired for forbidding the mass term of MSSM doublet
Higgs and suppression of proton decay via dimension 5
operators.
DISCUSSIONS AND SUMMARY
Our discussion is strongly dependent on the assump-
tion of vacuum structure (1). This is naturally realized
in the GUT scenario with anomalous U (1)
A
gauge sym-
metry [13], in which generic interactions are introduced
and the scales of the VEVs are xed by F and D atness
conditions. Our results can be applied also in the other
GUT scenario with anomalous U (1)
A
symmetry [14, 15],
if all the VEVs of GUT gauge singlet operators are sat-
ised with the VEV relations (1), even if there are some
at directions.
We have shown that in the framework of GUT with
anomalous U (1)
A
gauge symmetry, the success of gauge
coupling unication in the minimal SU (5) GUT is nat-
urally explained. Usually, if we adopt a simple group
whose rank is larger than the standard gauge group, for
example, SO(10), E
6
, SU (6), etc., the gauge coupling
unication can always be recovered by tuning the addi-
tional freedom related with several scales of Higgs VEVs.
However, we have shown that in the framework discussed
in this paper, all the charges of Higgs elds, except of
MSSM doublet Higgs, are cancelled in the gauge cou-
pling unication conditions (15) and therefore we have
no other tuning parameters for the gauge coupling uni-
cation than in the minimal SU (5) GUT.
In the GUT scenario with anomalousU (1)
A
symmetry,




, where a  0
is the charge of the Higgs eld whose VEV breaks the
usual SU (5) gauge symmetry. Since gauge coupling uni-





GeV, the negative charge of a leads to
a smaller unication scale than 
G
. Therefore the pro-
ton decay via dimension 6 operators can be enhanced. If
we take a =  1 and   0:22 as the typical values, [18],
the proton lifetime can be roughly estimated, using the
formula in Ref. [1] and a recent result provided by lat-
























This value is near the present experimental limit[17], so
it may be possible to see the proton decay p ! e +  in
future experiments.
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